JAXA has developed a Jovian Trojan asteroid sample return mission using a solar power sail. Jovian Trojan asteroids are among the few remaining frontiers in our solar system and may hold clues to its formation and evolution. However, visiting Jovian Trojans is much more difficult than reaching near-Earth objects because of the large amount of fuel required to reach them. Moreover, large distance from the sun makes power generation difficult. Solar power sails offer an effective way of realizing such challenging exploration. This paper outlines a solar power sail spacecraft and discusses the design of a trajectory for a sample return mission to a Jovian Trojan asteroid. The time of flight is long, but a large payload can be delivered to the asteroid by using a solar power sail. Reducing the duration of a sample return mission is difficult, but it is possible for a one-way mission. This paper presents a trajectory design for such a one-way mission.
Introduction
On May 21, 2010, JAXA launched a solar sail demonstration spacecraft known as "IKAROS." IKAROS is the first interplanetary solar sail spacecraft and a precursor mission to demonstrate the key technologies underpinning the solar power sail concept 1) that JAXA is pursuing for use in deep space exploration. A solar sail offers fuel-free space travel using a large membrane that acquires propulsive force from the reflection of sunlight. 2) Solar sail propulsion systems are considered to be among the most promising for future deep space exploration. However, the small forces exerted by photons make huge membranes necessary to obtain sufficient propulsive forces, but such membranes are difficult to fabricate and deploy. Solar power sails are able to overcome these difficulties because they generate electric power that drives highly efficient ion engines. Thin flexible solar cells attached to a sail membrane generate the electric power needed to drive the ion engines. Solar power sails are not completely fuel-free but can provide flexible and efficient orbital control even in the outer planetary regions of the solar system, without needing a nuclear energy supply.
JAXA has been preparing to launch a Trojan asteroid sample return mission using this type of solar power sail (Fig.  1) . 3, 4) Jovian Trojan asteroids represent one of the few remaining frontiers in our solar system and may hold fundamental clues to its formation and evolution. However, exploring the Jovian Trojans is much more difficult than exploring near-Earth objects (NEOs) because of the large amount of fuel required to reach them. Moreover, efficient power generation becomes challenging at approximately 5 AU. The use of solar power sails could solve this exploration challenge. We are now conducting a conceptual study of the spacecraft, whose launch we anticipate in the early 2020s with a return date in the late 2050s. The total mass of the spacecraft is approximately 1300 kg, including the 100 kg lander that is similar to the Philae lander of ESA's Rosetta mission. The Rosetta probe had a total mass of approximately 2900 kg, more than twice as much as the solar power sail. Therefore, this gives the solar power sail spacecraft a greater carrying capacity. Our spacecraft uses a single spinner with ultra-high specific impulse (Isp) ion engines attached on the day-side/shadow-side surfaces. The planned area of the sail membrane is 3000 m 2 . This paper presents an outline of the spacecraft, its design trajectory, and a possible Jovian Trojan asteroid sample return mission. Jovian swing-by is used to reduce the required delta-V. Preliminary ballistic analysis identified several asteroids that should be within reach using low-thrust trajectories. The duration of a sample return mission is very long, and it is difficult to reduce the total time of flight (TOF) because the inclination of the target asteroid is large and the window for the Jovian swing-by is very narrow. However, the TOF can be reduced in a one-way mission because fuel for the homeward trajectory is not needed. In this paper, we discuss the design trajectory for this one-way option.
Mission Scenario
The target body for JAXA's current asteroid probe "Hayabusa2" is 1999JU3, a C-type asteroid. NEOs are the main targets for small-body exploration in the current decade. However, in the coming decade, the targets will shift to D-type or P-type asteroids, as well as the comets and satellites of Jupiter and Saturn. Jovian Trojan asteroids have been attracting particular attention. Many Jovian Trojan asteroids are thought to be D-type or P-type asteroids, and the exploration of such targets may provide clues to the origins of life and the birth of the solar system.
The small lander is the most important payload of the mission. After arrival at the target body, the spacecraft will first observe the asteroid from an altitude of several hundred kilometers (HP: home position). The observations of size, gravity, rotational axis, rotational period, etc. provide the data for the landing. The spacecraft will then descend to a lower altitude, and the lander will separate. On the surface of the asteroid, the lander will collect samples from beneath the regolith and perform in-situ analysis. The collected samples will then be returned to the mother spacecraft, which will return to Earth using a Jovian swing-by and deliver the collected samples via the re-entry capsule.
The spacecraft is equipped with instruments to perform science whilst cruising, including IR and high-energy astronomy and dust observation, to take advantage of the long TOF.
Our Jovian Trojan probe is planned to launch in the early 2020s. An Earth swing-by is planned before transfer to Jupiter. The current plan consists of six phases: 1) an Electric Delta-V Earth Gravity Assist (EDVEGA) phase to increase the departure velocity relative to the Earth, 2) a transfer phase from the Earth to Jupiter, 3) a rendezvous phase from Jupiter to the asteroid, 4) a proximity operation phase, 5) a return phase from the asteroid to Jupiter, and 6) a transfer phase from Jupiter to the Earth. Phases 1), 3), and 5) will require powered flight. The total mission duration including sample return is about 30 years, but the outward TOF may be shortened to 11 or 12 years by increasing the fuel consumption.
Solar Power Sail Spacecraft

Spacecraft configuration
Figures 2 and 3 show the configuration of the spacecraft. Our solar power sail is of the same single-spin type that is used with IKAROS. The spacecraft has a cylindrical body about 1.7 m in diameter. The lander is attached to the main body, and the tanks and instruments are arranged inside the body. Two de-spun antennas are mounted on the top panel (+Z panel).
The large membrane will be deployed and maintained by centrifugal force. Its deployment mechanism is attached to the side panels of the main body. At launch, the membrane will be folded around the deployment mechanism.
In the current configuration, the ion thrusters are mounted on the top panel, but another configuration is under consideration. Mounting the ion thrusters on the opposite side could significantly influence the trajectory design, as described below. The thrust of the ion engines is tilted by several degrees from the spin axis to generate up/down torque. The ion thrusters can also be used to control the direction of the spin axis by throttling the thrust forces. 
L4 or L5 target
From the science perspective, there is little to choose between the L4 and L5 targets. However, they require very different trajectory designs. For reasons of geometry, the TOF from Jupiter to an L4 target is shorter than that to an L5 target, but the TOF from an L4 target to Jupiter is longer than that from an L5 target to Jupiter. Thus, L4 targets are preferable in one-way missions, though there is little difference in a sample return mission.
The power requirements for reaching L4 targets are also lower in one-way missions, since the sun's distance from the flight path between Jupiter and an L4 target is shorter. Thus, the power generation is greater, as is the thrust force of the ion engines, making it possible to reduce the TOF.
In summary, -In sample return missions, L4 and L5 targets have similar total mission times. -In one-way missions, L4 targets have more attractive
TOFs than L5 targets. The direction of thrust of the ion engines also influences the trajectory design, as discussed in the next section.
Direction of thrust force
The direction of the thrust force has a strong influence on the trajectory design. Figure 4 shows a conceptual diagram of the trajectory from Jupiter to the L4 asteroids in Sun-Jupiter fixed coordinates. When an L4 asteroid is the target body, the spacecraft flies on the sun side, as shown. If the ion thrusters are mounted on the -Z (shadow side) panel, the direction of thrust is towards the sun side. The approach to the asteroid is smooth because the thrust force cancels the approach velocity. In contrast, a spacecraft with +Z (sun side) thrusters approaches the asteroid from the far side of the sun. When approaching an L4 target, the TOF of a spacecraft with +Z thrusters is therefore longer. Conversely, the spacecraft with +Z thrusters will perform better on the return trip from the L4 asteroid to Jupiter. The direction of the thrust force is therefore a very important factor in planning the trajectory, especially for a one-way mission.
We can conclude that the combination of an L4 target and use of -Z thrusters can reduce the Jupiter-to-target TOF in a one-way mission.
In the next section, we discuss a sample return trajectory for an L5 target with +Z ion thrusters and a fast one-way trajectory for an L4 target with -Z ion thrusters. Table 1 gives the parameters assumed for the trajectory design. The mass of the spacecraft at launch is 1300 kg. The year of launch is 2021 or 2022. The spacecraft is equipped with a high-Isp ion engine system (IES). Each ion thruster has a thrust force of 26.1 mN, a power consumption of 1.6 kW, and an operation rate of 0.7. The power sail generates the power for the ion engine. The power generation for the IES is 2600 W at 5.2 AU. Since the spacecraft is a single spinner design, the direction of the thrust is controlled by changing the attitude of the spacecraft. The sun angle should be less than 45°. The size of the target body is important. In the case of a very large target body, the approach becomes difficult due to the strong gravitational pull. However, a very small target may not be of the D or P type. 
Trajectory Design
Conditions for trajectory design
Ballistic analysis
A ballistic analysis based on two-body dynamics was carried out to identify candidate targets, assuming a Jovian swing-by to reduce fuel consumption. Figure 5 shows the ballistic analysis, where T1 is the departure time from the Earth, T2 is the Jupiter swing-by time, and T3 is the arrival time at the target body. These were used as the variables. V1, V2, and V3 are the velocities to the Earth, Jupiter, and the asteroid, respectively. The search for a target body can be conducted as follows:
1. 
Low-thrust trajectory design
A low-thrust trajectory was designed from the results of the ballistic analysis. The trajectories to the asteroid were calculated as follows:
were given by the ballistic analysis.
2. An EDVEGA trajectory was calculated, with 1 T as the Earth swing-by time and 1 out V as the swing-by velocity. 3. The Earth swing-by condition was checked against the result of step 3. If it proved unsatisfactory, step 2 was repeated with a different 1 T . 4. A low-thrust trajectory from Jupiter to the asteroid was calculated, and the arrival time 3 T was derived. The return trajectory was calculated in a similar way. The equations of motion are as follows: 
where
 is a throttling parameter, and  , 1 u , and 2 u are control variables. Two types of objective function were used in this study: 
Eq. (3) was used to minimize delta-V in both the EDVEGA phase and sample return. Eq. (4) was employed to minimize the TOF and was used for the Jupiter-to-asteroid phase in the one-way mission.
Trajectory for 2005 EL140
In this section, the trajectory for the exploration of 2005 EL140, an L5 asteroid, is described. Table 3 shows the orbital characteristics of 2005 EL140. Since it has a large inclination, it is difficult to reach without a Jupiter swing-by. The +Z ion thrusters are considered. Summary Table 4 and Figure 6 summarize the sample return trajectory for the exploration of 2005 EL140. The total mission time is longer than 30 years. The trajectories from Jupiter to the asteroid and from the asteroid to Jupiter are designed to ensure a proximity operation phase of one year. The total delta-V is about 4500 m/s. 
EDVEGA Phase
It is difficult to launch a spacecraft directly into a transfer orbit to Jupiter because of the high orbital energy required. A conventional delta-VEGA strategy has been used to increase the departure velocity of chemically propelled missions relative to the Earth, and this technique can also be applied to our solar power sail spacecraft. In this study, a 2 year EDVEGA was assumed. 5) The spacecraft is accelerated by the ion engines around the aphelion. Figure 7 shows the 2 year If launching a spacecraft into a 2 year resonant EDVEGA orbit is impossible, an EDVEGA phase may be added before the 2 year EDVEGA. Figure 8 shows a 1.4 year EDVEGA trajectory supplementing the 2 year EDVEGA trajectory shown in Fig. 7 . This is the typical EDVEGA orbit using the 1.4 year free-return orbit. Fig. 7 . A 2 year resonant EDVEGA trajectory. Its leverage efficiency is much higher than that of an EDVEGA trajectory using the free-return orbit. 
Earth-to-Jupiter Phase
In this study, the Earth to Jupiter trajectory was calculated as a ballistic orbit. Figure 9 shows the trajectory from Earth to Jupiter, which is a Hormann-type transfer orbit. The TOF from Earth to Jupiter is about 1250 days, and the arrival velocity relative to Jupiter is 5900 m/s. Jupiter-to-Asteroid Phase Figure 10 shows the trajectory from Jupiter to 2005 EL140. Since it is an L5 object, the spacecraft flies on the outside of Jupiter's orbit. Figure 11 shows the history of the thrust force. Only one ion thruster can be driven in this phase because power generation is limited due to the large distance from the Sun.
The TOF can be reduced by increasing delta-V. Table 5 shows the relationship between the arrival date and delta-V. The TOF with the minimum delta-V trajectory is about 12 years, but for the fastest trajectory, the TOF is reduced to about 9.5 years, allowing the arrival date to be set by changing delta-V. In a sample return mission, reducing the TOFs from Jupiter to the asteroid (J2A) and from the asteroid to Jupiter (A2J) does not shorten the total mission, because the timing of the Jovian swing-by is restricted. In a one-way mission however, reducing the TOF of the J2A phase can reduce the total mission time. The high-speed trajectory is discussed in the next section. Asteroid-to-Jupiter Phase
After the 1 year proximity operation phase, the spacecraft departs the asteroid towards Jupiter. Figure 12 shows the trajectory. The TOF of this phase is about 4200 days, and the required value of delta-V is about 1500 m/s. 
Jupiter-to-Earth Phase
The trajectory of the Jupiter-to-Earth phase was calculated as a ballistic orbit in this study. The arrival velocity relative to Earth (Vinf) is about 10 km/s, which is much higher than those of past re-entry missions.
Trajectory for one-way mission
In a one-way mission, reducing the transfer time to the target body can shorten the total mission duration. As discussed above, specific combinations of L4 targets and -Z thrusters are required to reduce the TOF significantly. In this section, we show the results of such high-speed trajectories.
RQ278
2007 RQ278 is a suitable target for a one-way mission. Figure 13 shows the Jupiter-to-asteroid trajectory. Table 6 summarizes a one-way mission to 2007 RQ278. The total TOF to the asteroid is less than 12 years. The required delta-V in the Jupiter-to-asteroid phase must be large to reduce the TOF. 
DY103
Another target for a one-way mission, is 2001 DY103, as shown in Table 7 . The total TOF to the asteroid can be reduced to approximately 11 years without a 1.4 year swing-by. 
Conclusions
In this paper, we described a Jovian Trojan sample return mission based on a solar power sail. The solar power sail, in which a solar sail is combined with a high Isp IES, is an original concept of JAXA and makes it possible to carry a large payload to a Jovian Trojan asteroid. The outline of the solar power sail spacecraft, its trajectory design, and the results were presented in this paper. The total duration of a sample return mission was shown to be approximately 30 years. In a one-way mission, the TOF can be significantly reduced by selecting an L4 target and using -Z ion thrusters. 
